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v UJ e c tive 

The objective of this investigation i s  to fur ther  develop instrumentation 

fo r  shock tunnel studies of turbulent boundary l aye r s  and to obtain pre1i:misii-y 

experimental  information in the boundary layer  of the hj-personic shock  tonnel  

r,ozzle. 

' 

* -  -\ozzle Wall Boundary Layer  Profiles 

Attention has  been given during this reporting period to the icterpretatior- 

of nozzle \Val1 boundary layer  2itot p r e s s u r e s  03tainec"; f rom the two-foot exit 

d iameter  contoured "A" nozzle of the GAL Hypersonic Shock Tunnel. These 

e f for t s  were  l imited by the apparent unreliabii i ty of the type of pitat probe 

used i n  the outer boundary l aye r  and by the lack of a d i r ec t  measurement  of 

the total enthalpy i n  the boundary layer.  

lower third of the boundary l aye r  was covered 121- the more  reliable p t a t  probes 

in addition to the measured  static ? r e s s u r e  a t  the wall. 

number  Crocco  relation - 

emhalpl- measurement .  

ined l a te r .  In turbulent bovindaq-  l&i-er profile exyeriments performed at XOL. 

in  which both pitot pressure ar ,d to ta l  t empera tu re  meas-drements were cbtamed 

on both a cooled, two-dimensicnal contoured nozzle wal l  (Ref. 1 )  and CIA a cociied 

Nevertheless,  approximately the 

The unit Prandt l  
3- - A& 1 -  

J d  d l u f  
was =sed i n  the absence of a d i rec t  - ' + - h  

The implied bcxndary layer  assamptlons v d l  be esam- 
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sha rp  f la t  plate in the t e s t  section of the same nozzle (Refs. 2 and 3 ) ,  it was 

observed that  depar tures  f r o m  the Crocco relat ion occurred  near  the wall. 

F o r  the S O L  data,  in  the nozzle case ,  the  total  t empera tu res  l ie  abo1.e t h e  

Crocco relat ion n e a r  the wall, whereas  f o r  the flat plate the r e v e r s e  is t r u e .  

(The depar ture  is m o r e  ex t r eme  in the data  of Hill, Refs .  4 and 5, which were  

obtained in nitrogen flow through a small, conical nozzle. ) Other invest igators  

hai-e reacted in  d iverse  ways to  these observations.  

modified Crocco relation, lvhich replaces  the local total  enthalpy with the 

recoxery enthalpy in the boundary layer ,  Walz (Ref. 6) examines the  abox-e 

experimental  obserx-ations and cuncltldes that ,  because of the disagreement ,  

the exTerirr,ents must  be wrong. Rctta (Refs. i ,  8 and 9) examines the same 

resillts a d  concludes that  the Crocco relat ion is i m a l i d  for  high rat io  of heat 

t r a n s f e r  t o  the wall. 

f o r  example,  Baront i  and  Libby (Ref. 10)  have observed good agreement  

h ~ t 7 . i . ~  e:: the Crocco reiztion m d  adiabatic \ V a l 1  experimental  data. Baronti  

2nd Libbi- (Ref. l o ) ,  in  applying the  law of corresponding stations of Coles 

(Ref .  11 extenaed D.; Crocco. R e f .  i 2 )  to  a r igorous point-by-point mapping 

3 1  t n e  borncar)- i ayer  profrie, f ind that i o r  boGn6ary idb-er i r i L e g r d s  ail; 

el aidation oi the stdtic t rmpera t2 re  in the boundary l aye r ,  the unit Prandt i  

I;Lrriber form of the Crocco reiatioii is sa t i s iac tc ry  for dl but H i l l ' s  ccnical 

nozzle data, where it was necesshry to use the experimectally ce te rx ;neo  

t e mpe r atur e s . 

In comparison with a 

It should be noted he re  that numerous invest igators ,  

Thus,  although some question ex is t s  concerning the 7,alidit~- oi the 

Crocco relat ion in  the present  ca se ,  it has been used in the absence oi either 

a be t t e r  theoret ical  approach o r  a direct  measurement  to enable some 

evaluation of the data in hand, 

l aye r  probes  adjacent to the wall were used t o  es tabl ish the inner portion oi 

the prof i les .  

Sollndary layer  tended t o  fall well aboye ei ther  the \\all probe p r e s s t x e s  o r  

C O ~ T  entional f r e e s t r e a m  pitot probe p r e s s u r e s  mrhere overlapping measu re -  

ments  were  made.  

qualitative agrument \sith es t imates  based on a 1 I/ y 

profi le  and the Crocc.0 relation ( s e e  f igure  11, these outer layer  probe \ai:,es 

The pitot p r e s s u r e  data f rom the boundary 

P r e s s u r e s  indicated by the type oi p'obe used in the outer  

Ho\ve\-er, becaLse the profile so obtained \\as xi 
, ,th poxver Idly l-elocit)  
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w e r e  used t o  a i d  extrapolations to I - ho.adar)- l aye r  edge. 

p r e s s u r e s  w e r e  computed from pito! survey  rake  zverages  at comparable 

test conditions. 

values in  a probe n e a r  the nozzle axis. 

computed from the  measured  pitot profiles and the assumed Crocco 

relat ion in accordance with the approach outlined in Quarterly P r o g r e s s  

Report  No. 2: a Mach number profile is obtained irom the pitot p r e s s u r e  

prof i le  assuming s ta t ic  p r e s s u r e  constant throl;gb the boundary l aye r ,  the 

t-elocity prof i le  follows f r o m  the energy equativri and the Croccc relation, 

s ta t ic  enthalpy and density follos- f rom t h e  e ~ e r g j -  equation and equation of 

s ta te ,  respectively.  The result ing Macn number and  velocity prcifiles are  

shoihn in  F igu res  2 and 3 ,  respec t i ie ly .  

combined a s  shown in Table I. 

both on a measured  wall s ta t ic  p re s su re  and on average survoy r a t e  pitot 

presscre c'stiineci- in caiibrdiion 1-ilns. 

The edge pitot 

These values were  generally within 5 percent  of t e s t  

Velocity and density prof i les  were  

Data f rom repeat  runs were  

Table I tabulates edge conditions based 

Zn constant density flows the velocity profile has been fo\ind to  be 

c t ia i sc te r izcd  3" ~ . : Y Q  sirnil2r;t.r - - 2  -- 1aws,  ihi. l aw ci the xva11 f u r  t h e  b e r  region 

close to the \Val1 and the -\-elocity defect l a ~ ~  (also iaw of the wake or mo:T-entuni- 

defect l&~,-) in the outer  portion of the boundary iaj-er (bo t t  summarized in  

Ref. 1 3 ) .  These s i m i l a r i t y  1axvs are writ ten 

-L ' T  
A ,  FA- 

- 
4 -  _ -  - - 

i 

U T  
- - y -  f o r  the laminar  sublayer 

-2d 
\ U ,  - -+ B f o r  the remainder  of the - A l e ,  

(3' wall region 

in the velocity defect region 

- 
,-,- 

L&J 

' L J  
where  L( i s  the f r ic t ion velocity, q; 13 T 
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Several  efforts have been made to relate the compress ib le  Tb-elocitJ- prof i les  

(with uz-all heat t r a n s f e r )  to  these incompressible ,  constant density f a x s .  

Baront i  and Libby (Ref. 10) have shown that the NOL and velocity prcfile 

data ( R e f s .  1 - 3 )  can  be made t o  cor re la te  sat isfactor i ly  and t o  t r ans fo rm 

t o  the constant density profiles fo r  a selected value of skin f r ic t ion  coefficient. 

However, the approach of Ref. 10 i s  a r a t h e r  tedious,  t r i a l - and-e r ro r  

procedure  a n d  has not been atteimpted he re .  

in  e a r l i e r  work, Deiss le r  2nd Loeifler ( R e f .  14) a t  KASA Lewis 

dei  eloped predictions of the velocity prof i les  f o r  the compressible  turbulent 

boundary l aye r  with heat t r a n s f e r  by assuming relations for the eddy 

diffusivities and the raticts of h e a t  t r ans fe r  2nd skin friction to  \.lues at the 

wall and integrating the result ing energy 2nd mornentux  eqxations. 

and oi the results a r e  presented in terms of - a s  a fttnction of y - % FW 
wall s h e a r  a n d  heat t r ans fe r .  

, i i s ing  the measured Lyen plotted in terrxs of - as a fimctioo of y ~ 

wFall snea r  in ca lcLat ing  &T . 
c c - i x ~ a r e ?  r-- - with the S O L  aozzle and flat plate data and wit% the predictions 

or Ref. 14. 

correlatioii  between the presenr  T-elocity prui i le  da ta  an:! thc S C L  d z t ~ .  

Tkis  cor re la t ion  i s  expected in  view of the re!ati-iel>- simaii effect of ?eat  

t r a n s f e r  on the s-elocity profile near  the wa l l  predicted by Iiei .  11. 

F a r t h e r  f r o m  the wall, the prediction of Rei.  14, zlthcagk; disagreeing in 

magnitude, ag rees  with the t rend  oi the present  \ -e loci ty  data and predicts  

approximately the observed efiect  of wall heat t r ans fe r  on the i-elocitj- 

- = 0. -7 profi le  as noted in  the difference between the data for  

and those f o r  - 0 . 9 .  

The i r  
LL 

The prese9t  nozzie boundary l aye r  data have 
LL UT- 

u, T pur 
i h e s e  are presented in J'igure 4 and 

In the region nea r  the wall it can be seer1 L ; L ~ L  L ~ ~ C Z ~  sieLA1e 

T A W -  T,} 
/ 
4U.r 

\ 
- 

(5- - /u,- 

Gar 
Since wall values would not be expected to be p r i m a r y  pa rame te r s  in 

the outer  portion of a cor -press ib le  boundar?- l aye r  \vith wall heat t r ans fe r ,  a 

cor re la t ion  of the defect portion o i  the boundary la l -er  has been made in 

t e r m s  of 
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where  V *  is a fr ic t ion velocity- based on loca l  density, 

The  r e su l t s  are compared in Figure 5 with typical values fo r  the c o n s t a t  

density c a s e  with typical values of the p r e s s u r e  gradient  pa rame te r ,  3' . 
The data c o r r e l a t e  and, with density evaluated locally-, a r e  in reasonable 

agreement  with the defect prediction. 

- -  
i: r i n g  the compilted -,-eiocit>- and densit\- Frof i les ,  integrat ions have 

been performed to obtain the displacement thickness ,  dt , and the mon~en tum 

deiect  thickzess ,  9 ,  

c a s e  a s  v 

which a re  expressed i o r  the axially symmetr ic  cozzie  

;r 
c - 

6, ,/ z P-& d"% j - _ _ -  
d" \ 6 

and 

v.-l:ere r is the rad ia l  dis tance from the nozzle cenzerline and rd locates  

tine nozzle wall, o r  in t e r x s  of a coordinate,  .j normal  to the wall 
t 

These expressions collapse to the familiar two-dimensional Iorms 

when 4 (< r,. However, in  the present c a s e s ,  for  xh ich  the maximum, 

boanciarl- l ayer  thickness was 2 .  73  inches in  a nozzle of 12-inch rad ias ,  the 

difference between the axially symmetr ic  case  and the kvo-dimensional c a s e  

 as found to be at mos t ,  f ive percent. 

axial ly  symmetr ic  form.  

The tabulated i-alues a r e  f r o x i  the 
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Sozz le  Wail Measurements  of Skin Fr ic t ion  and Heat T r a n s f e r  

The nozzle wall data have been compared with theory using the locai  

Reynolds number based on momentum thickness  and based on flow lengt5 

from the nozzle throat .  Edge conditions have been computed in turn ,  for  

equi l ibr ium expansion to the measured  wal l  p r e s s u r e  at the profile station 

and to the average  survey rake pitot p r e s s u r e  obtained in  calibration runs. 

Both r e su l t s  a r e   show^ on the figures. 

the edge conditions based on .=;all s ta t ic  p r e s s u r e  in Table I. 

will also be made with values from Table I using calibration pitot presscres  

and  any significant differences noted in  the future .  The  measured  skin 

fr ic t ion and vi-dl heat t r a n s f e r  v a l ~ e s  a r e  compared in F igures  6 a n d  7 ,  

respectii-ely, with seve ra l  predictions:  

Theory values  were  computed from 

Comparisons 

1. Blasius ,  re fe rence  enthalpy ( R e f .  15) - The constant density form 

is ~ s e 4  i i i t 'n the density and \-iscosity evaluated a t  a mean bounSzrj- ia);er 

or enthalpy cor-puted by substituting the Crocccl relation in  h4= J r ,  pd - 
55- 

,- - w t e  that  the Ecke r t  re fe rence  enthalpy i s  pract ical ly  equis-alent, 

2 .  Karman - Scboenherr ,  re fe rence  enthalpj- (Ref. 15)  - The 

logari thmic constant dens i ty  form 

2. 3 5 8 G  
7 

P - ~ - I _ _ -  

"i - , .  
Y - z p  2 ~ e ,  , '  : . L S ~  2 ?e, + ,R ~ 4 2 ~  

i s  again evaluated at a ,mean reference enthalpy. 



3 .  Walz (Ref. 6) - The theory of Walz is computed using both his 

theoret ical  express ions  for  profile integral  parameters and the experirrientall;. 

determined ones 

where  

4. Spalding and Chi ( R e f .  16)  - T:he serr2-empirical  theory of 

Spalding and Chi a s s u m e s  that compressible  boundary layer  skin ir iction 

can be t ransformed to incompressible  form 

x i  t h  

Values  have Seen computed using :he local conditions for the nozzle 30~3dar;: 

laJ-ers and the momenturn thickness, 6 , f rom the integration of tke  e q e r i -  

men ta l  boundary layer  profiles. 
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5. Winkler and Cha (Heis.  2 and 3 )  - A purely empir ica l  eT;;a?uatior, 

of t empera ture  ra t io  effects in CGmpressib?e boundary layers with hear Transfer  

\ v a s  m a d e  by Winider a d  Cfia with the result tkat the data t h e y  ei .a luated a ere 

bes t  correlated by 
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It -as observed in the previous p rogres s  repor t  m examining the nczzle w&lI  

data that th i s  relationship tends to overest imate  the observed rat io  between 

heat t r a n s f e r  and skin friction. 

relationship and  suffices for present  p u T o s e s ,  pending fur ther  examination of 

the Reynolds analogy prediction later in th i s  report .  

a r e  presented  in t e r m s  of the Stanton number as a function of the local  

momentum thickness  Reynolds number in F igure  7 .  

experirr-entally observed rat io  between Stanton number and skin fr ic t ion 

coefficient is such that essent ia l ly  the same c o m p r i s e n s  ;i-ith theorj- are seen 

as  iclr skin fr ic t ion,  although the Colburn relat ion shifts the theor ies  xipxb-ard 

relati \-e t o  the heat t r zns fe r  aata .  

Home\-er, it i s  a s t ra ightforward,  u ell-deiined 

The heat t r ans fe r  data 

The consistency of the 

Again it is noted that m ithozt any modification, the Spa!ding-Chi 

prediction pro\ ides most consistent agreement  x i t k  the dcrta, whereas  

if  the  - dependence were  omitted, the :rl'in'der-Cha skin fr ic t ion 

cor re ia t ioo  fo rmuid  w o u l d  2redict  the Stantoll nurnber tn within 20  percent.  

TA, 
7u 

where  the energy loss (enthalpy convection) thickness,  di, i s  

- _  - 
Lu' . 

:5 G -  ?Then, as  in the present  case,  the C r o c c o  relatior, - - -fd - - -  
assumed ,  the enthal9)- cons-ecticn and moirien:uni defect thickress  a r e  related 

b>- 9; = ' -  , d s o  that the te rm dr i s  ideztically zero  sild the 

Reynolds analogy e s p r e s  sion ma)- be written 

c i -  

I d !\ Cig 
* 
'I 
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For the p re sen t  data the 1-elocity gradient in the ilov.. 2;rest:on can, i n  

principle,  be obtained from the meascrement  of s ta t ic  p r e s s u r e  at the xa!!, 

recorded at fo1Jr stations at 6 to  10 feet  from the nozzie th ros t ,  t h e  l as t  

measurement  being taken at the same station as the pitot pressurc. proti le 

data. 

sufficiently re l iable  for th i s  purpose. Fu r the rmore ,  since the t e r m  with 

the gradient in profile pa rame te r  6h/@ is opposite in s i g n  to  that of the 

1-elocity gradient t e r m ,  it may be aeceptive to attempt to  rnclude only one 

of these  t e r m s .  

has been to  increase  

seen in the previous p rogres s  report ,  Eioclficat;oc of the C 

include Prandtl  nilmber a s  well as  s elocitb- gradient might prodGce rQasc-nable 

agreement .  This  has  not been attempted he re ,  Ilo\i.e-, e r .  It iv i l l  b e  noted 

that  the flat plate data examined i n  the f o l l o ~ i n g  scction tend t o  s1ic.i~ ra t ios  

of heat t r a n s f e r  to  skin fr ic t ion that a r e  qGite coimparzble t o  the nozzle 

m e  a su r e liie I?i s . 

However, the wall s ta t ic  p r e s s u r e  measc remen t s  a r e  not cbnsidered 

Since the ei iect  of Prandt l  nunibers being l e s s  thzn one 

i n t h e  zero  p r e s s u r e  gradier i t  c a ses ,  a s  2~~ /c f 

Conpar i sor :  with F la t  P la te  Experiments  

An important question pertainant to the a2plicabilit)- o l  nozzie ;i.ail 

boTAndary layer  experiments i s  v.kether the LpstrearrL k:stor)- is SA:!- as t u  

c r ea t e  significant dif ierecces  irorn a zero press-cre g r a c i e m ,  I l t i t  ?,lzte 

t u r b d e n t  boundary lab-er. Therefore ,  a cornpariscr, k - a  been maGe bet;ieen 

the nozzle resu l t s  and measurements  of surface :?eat t r ans fe r  and skin 

friction obtained on a 15 by 24 inch, sharp  leading edge flat  plate as  pa r t  

of a related study on turbulent f lows.  These experinients ss-ere perforr-ned 

in the contoured nozzles of the CAL Hypersonic Shock Tunnel, 96-Inch Leg. 

B>* generating high r e se rvo i r  p re s su re  conditions, model surface flow length 

Re)-nolds numbers  m-ere obtained in the same range a s  those obtained in The 

nozzle wall experiments.  It should be noted thQt -,\hereas a finite p r e s s a r e  

- 1  

.Ir .. 

., 
-2- 

A i r  F o r c e  Contract AF 33(615)-1847, adminis tered by the Resea rc l :  
and Technology Division (FDXIG). 
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gradient ex i s t s  along the nozzle wall, where ups t r eam \ra\-es a r e  being 

cancelled, the p r e s s u r e  gradient along the nozzle centerline (the model 

location) is negligible. 

a r e  presented in  F igu res  8 and 9 in t e r m s  of the Spalding-Chi cor re la t ion  

pa rame te r s .  

angle o€ 10 degrees  a r e  presented in terms of local  wedge conditions based 

on the oblique shock calculation. The nozzle data examined previously a r e  

a lso presented  as a function of the Reynolds number based on local  conditions 

and the flow length f r o m  the nozzle throa t .  

b e a r  the same  comparison with Spalding-Chi theory in both the morcentum 

tkic’mess Ee)-r,olds >Limber for=- (Figures  6 and 7) and the iloxv length 

Reynolds number f o r m  (F iga res  8 and 9) suggests  that  the length of boundary 

la l -er  flow in the low p r e s s u r e  gradient portion of the nozzle i s  suf-’  i icient to 

approach flat plate conditions. The correlat ion of flat plate ana nozzle data 

in F igu res  8 and 9, fur ther  support this hypothesis. 

v.-ith detailed bo-adarj .  layer profile measnrements is reqzired to develop a 

c l e a r e r  picture ,  but a tentative conclusion is that turbulent boundary l aye r s  

ti-pical oi flat plate f l o x r s  c i a  be develoaed on the shock trr-rmel contoured 

nozzle wall. 

Representative data f rom the sharp  plate experiments  

The data taken with the instrumented surface at a compression 

The fact  that the nozzle data 

Fur the r  excerimentation 

Cur ren t  Statns a n d  Future  Plans 

A n  adT;ance copy of the negotiated supplemental agreement,  amending 

this  contract  to  extend the performznce period to September 30,  1967  and 

increas ing  the authorized costs  (not incl.uding fee)  to $148, 712, has  been 

r e  c eived. 

As of 30 September 1966,  funds expended on this  contract  were  

S60 ,  11 7. 
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